We present a consistent procedure for the calculation of the one-loop corrections to the charginos and neutralinos by using their on-shell mass matrices. The onshell gaugino mass parameters M and M ′ , and the Higgsino mass parameter µ are defined by the elements of these on-shell mass matrices. The on-shell mass matrices are different by finite one-loop corrections from the tree-level ones given in terms of the on-shell parameters. When the on-shell M and µ are determined by the chargino sector, the neutralino masses receive corrections up to 4%. This must be taken into account in precision measurements at future e + e − linear colliders.
Introduction
For the comparison of the Standard Model predictions with the precision experiments at LEP, calculations at tree-level were no more sufficient making the inclusion of radiative corrections necessary. They provided important information on the top quark mass, the Higgs boson mass and the unification condition for the gauge couplings.
The future generation of colliders, the Tevatron, LHC and a e + e − linear collider will explore an energy range, where one expects the appearance of supersymmetric particles. It will be possible to measure cross sections, branching ratios, masses, etc. At a e + e − linear collider it will even be possible to perform precision experiments for the production and decay of SUSY particles [1] . This allows one to test the underlying SUSY model. For instance, for the mass determination of charginos and neutralinos an accuracy of ∆mχ±,0 = 0.1-1 GeV might be reached by performing threshold scans [2] . The precision measurements of their couplings will also be possible [1, 3, 4, 5, 6] . Therefore, for a comparison with experiment higher order effects have to be included in the theoretical calculations.
For calculations of radiative corrections to the masses, production cross sections, decay rates, etc. of charginos and neutralinos a proper renormalization of the chargino and neutralino mixing matrices is needed. One-loop corrections to the masses were given in [7, 8] in the scale dependent DR scheme. Chargino production at one-loop was treated by several authors [9, 10, 11] . In [9] the DR scheme was used where the scale dependence was cancelled by replacing the tree-level parameters by running ones. In [10] effective chargino mixing matrices were introduced, which are independent of the renormalization scale Q. A pure on-shell renormalization scheme was adopted for the full one-loop radiative corrections to chargino and neutralino production in e + e − annihilation [11] and squark decays into charginos and neutralinos [12] . In this article we study another type of correction which has not been discussed so far.
We present a consistent procedure for the calculation of the one-loop corrections to the on-shell mass matrix of charginos, X, and that of neutralinos, Y . One has to distinguish three types of the mass matrix: the tree-level mass matrixX (Ỹ ) given in terms of the on-shell parameters, the DR running tree-level matrix X 0 (Y 0 ), and the on-shell mass matrix X (Y ) which generates physical (pole) masses and on-shell mixing matrices by diagonalization. The on-shell parameters inX andỸ are given as follows: The SU(2) gaugino mass parameter M and the Higgsino mass parameter µ are defined by the elements of the chargino on-shell mass matrix X, the U(1) gaugino mass parameter M ′ by the neutralino mass matrix Y , and the other parameters (m W , m Z , sin 2 θ W , tan β) are given by the gauge and Higgs boson sectors. We calculate the finite shifts ∆X = X −X and ∆Y = Y −Ỹ . Especially, the zero elements of the tree-level matrixỸ receive nonzero corrections by ∆Y . In the numerical analysis we calculate the contributions of the fermion and sfermion loops, which are usually most important. We also discuss the case where the on-shell M ′ is defined by the SUSY GUT relation
First we illustrate in Section 2 our renormalization procedure for the fermion field with n components. In Section 3 we give the explicit one-loop corrections to the mass matrices of charginos and neutralinos. We work out the shifts in the matrix elements, with the discussion of the on-shell renormalization of M, µ, and M ′ . The case where the on-shell M ′ is defined by M is also discussed. In Section 4 we present some numerical results of the corrections by fermion and sfermion loops, mainly the correction to the masses for fixed on-shell parameters. Conclusions are given in Section 5.
On-shell renormalization of fermions
In this section we show the on-shell renormalization of the fermion field ψ with n components (each component being a four component Dirac spinor) and its mass matrix, following the formulas in [13, 14] .
The mass term of the fermion in the interaction basis is
M is a n × n mass matrix, which is real assuming CP conservation. With the rotations
the mass matrix can be diagonalized:
with the diagonal matrix M D = diag(m f 1 , m f 2 , . . . , m fn ). For Majorana fermions we allow negative m f i in order to keep U = V real. M D is related to M by:
We express the bare quantities (with superscript 0) by the renormalized ones:
δZ, δU, δV , and δM are (n × n) matrices. Hence
and
By demanding that the counter terms δU and δV cancel the antisymmetric parts of the wave function corrections, we get the fixing conditions for δU and δV :
This is equivalent to redefining the wave function shifts in a symmetric way,
and setting δU = δV = 0. The renormalization conditions eqs. (13) and (14) have already been used in [13, 11] . According to eq. (5) the on-shell mass matrix M is composed by the on-shell mixing matrices (U, V ) and the pole masses,
We start from the most general form of the matrix element of the one-loop renormalized two point function for mixing fermions,
S,R are the fermion self-energy matrices. The "hat" denotes the renormalized quantities. Then the mass shifts δm f k are given by:
and the off-diagonal wave function renormalization constants of δZ R and δZ L read (i = j):
(δZ L ) ij is obtained by replacing L ↔ R in eq. (19) . The counterterm for the mass matrix element δM ij can be written as:
3 Chargino and neutralino mass matrices at one-loop level
In the MSSM the chargino mass matrix is given by:
It is diagonalized by the two real (2 × 2) matrices U and V :
with mχ+
1
, and mχ+ 2 the physical masses of the charginos (choosing mχ+
). The shifts for U and V are then given by eqs. (13) and (14):
The shift in X follows from
Its matrix elements are:
where the elements δU ki and δV kj are obtained from eqs. (23) and (24) together with eq. (19) . δmχ+ k is given by eq. (18) . The explicit forms for the chargino self-energies are given in eq. (A.1). Now we want to calculate the on-shell mass matrix X at one-loop level. We first show the relation between three types of the mass matrix, X,X, and X 0 .X is the tree-level mass matrix, which has the form of eq. (21) in terms of the on-shell parameters (M, µ, m W , tan β).X is diagonalized by the matricesŨ andṼ to give the eigenvaluesm i . The bare mass matrix (or the DR running tree-level matrix) X 0 is related toX by
where δ c means the variation of the (on-shell) parameters inX. The correction (25) represents the difference between X 0 and the on-shell X, with X 0 = X + δX. This implies
The one-loop corrected matrix X is the sum of the tree-level mass matrixX with the on-shell quantities and the ultraviolet (UV) finite shifts ∆X.
To discuss the shifts ∆X we need to fix the definition of the on-shell parameters inX. In this article we define the on-shell parameters M and µ by the elements of the on-shell mass matrix of charginos, by M = X 11 and µ = X 22 , respectively. This definition gives the counterterms
We later comment on the case where M and µ are fixed by the neutralino mass matrix. In addition, we fix the on-shell m W as the physical (pole) mass and tan β by the condition in the Higgs sector, as given in the Appendix. As a result we have: , and their on-shell rotation matrices U and V , which enter in all chargino couplings.
If the chargino masses mχ+ 1, 2 are known from experiment (e. g. from a threshold scan), one first calculates the tree-level parametersM ,μ,Ũ , andṼ , using eqs. (21, 22) together with the experimental information of chargino couplings [5, 6, 15] . δŨ and δṼ are then obtained from eqs. (23) and (24), depending on the sfermion parameters. This enables one to calculate ∆X 12 and ∆X 21 and the one-loop corrected mass matrix X. By requiring that X give the measured chargino masses mχ+ 1, 2 , one then gets the correct on-shell parameters M and µ. The error that one starts fromM andμ is of higher order. The dependence of this procedure on sfermion parameters will be discussed in Section 4.
Let us now turn to the neutralino sector. The mass matrix in the interaction basis has the form
Since we assume CP conservation this matrix is real and symmetric. It is diagonalized by the real matrix Z:
) .
We allow negative values for the mass parameters mχ0
The shift for the rotation matrix Z is obtained from eqs. (13) and (14) by the substitutions U → Z and V → Z,
Note that δZχ 0 L = δZχ 0 R due to the Majorana character of the neutralinos. The shift δY is given by δY = δ(Z T M D Z), i. e. for the matrix elements
The wave function correction terms δZχ 0 are given by eq. (19) and δmχ0 We again start with the tree-level mass matrix Y tree ≡Ỹ which has the form of eq. (35) in terms of the on-shell parameters (M, µ, M ′ , m Z , sin θ W , tan β). First one calculates the tree-level massesm k and the rotation matrixZ by diagonalizingỸ . In analogy to the chargino case, the one-loop on-shell mass matrix Y is
Here δ c means the variation of the parameters inỸ . Again ∆Y is UV finite.
We need to fix the on-shell input parameters inỸ . The on-shell M and µ are already determined by the chargino sector. We define the on-shell parameter M ′ by the on-shell mass matrix of neutralinos as Y 11 = M ′ . This condition gives
We further fix the on-shell m Z , sin
, and tan β in the same way as in the case of charginos.
The 10 independent entries of the real and symmetric matrix ∆Y are
∆Y 34 = −δµ − δY 34 (50)
with δY ij given by eq. (39) with Z →Z, and mχ0 tan 2 θ W M holds for the DR parameters, and the on-shell M ′ is defined by imposing the same relation on the on-shell parameters, one has
We note that eq. (52) is also applicable in other models for gaugino masses, e.g. in the anomaly mediated SUSY breaking model [16, 17] where 
Numerical examples
In this section we will give some numerical examples for the on-shell one-loop corrected mass matrices and masses of the charginos and neutralinos. We take into account the contributions from all fermions and sfermions.
For simplicity, we will take in the following (if not specified otherwise) for the soft breaking sfermion mass parameters of the first and second generation MQ We always assume that the (on-shell) values of M and µ are obtained from the chargino sector as described in Section 3. Then the chargino mass matrix only gets corrections in the off-diagonal elements of the matrix X. In general, the corrections to the chargino masses are small (< 1%). For instance, for tan β = 7 and {MQ by tree-level sum rules and are therefore independent of sfermion parameters. We see that the dependence on the sfermion parameters becomes large for M ∼ |µ|, i. e. large gaugino-Higgsino mixing. Notice, that also the zero elements ofỸ get nonzero corrections. Especially, the most important contribution comes from the element ∆Y 44 , that is from theH 0 2 toH 0 2 transition via a tt loop. The effects of ∆Y 22 , ∆Y 33 , ∆Y 34 , ∆Y 44 to the masses were discussed in the limiting cases, for |µ| ≪ (M, M ′ ) in [18] and for M ≪ (|µ|, M ′ ) in [19, 17] , respectively.
In Fig. 3 we show the M-dependence with M ′ = 0.498 M for µ = −130 GeV and the other parameters as in Fig. 2a for fixed MQ is very small. The effects of the non-decoupling corrections [21, 10] to the gaugino-Higgsino mixing elements of Y and X cannot be seen in Fig. 4 .
In Fig. 5 we show the dependence on A t , with µ = −130 GeV, A b = A τ fixed to 500 GeV and the other parameters as in Fig. 2a . It is strong for the higgsino-like statesχ . This corresponds to the SUSY threshold correction to the unification condition of the gaugino masses [7, 22] . ∆Y 11 gives a large correction to the mass of a bino-like neutralino. This is clearly seen in Fig. 6. Fig. 6a shows the correction to mχ0 is almost purely bino-like, hence it also gets a large correction.
Conclusions
We have presented a consistent method for the calculation of the one-loop corrections to the on-shell mass matrices of charginos and neutralinos, and hence their masses. The on-shell parameters M, µ, and M ′ are determined by the elements of the on-shell mass matrices. We have calculated the corrections to the tree-level mass matrices in terms of on-shell parameters. We have performed a detailed numerical analysis of the corrections due to fermion and sfermion loops, as function of the SUSY parameters. When the parameters M and µ are determined by the chargino system, one gets corrections to the neutralino masses of up to 4 %. We have also treated the case where the on-shell M is defined by M using the SUSY GUT relation. Therefore, these corrections have to be taken into account in precision experiments at future e + e − linear colliders.
Chargino self-energies
The chargino self-energies read:
Here and in the following the index u (d) denotes an up (down)-type fermion, gen. denotes the sum over all 6 fermion generations. N C = 3 (1) in the quark (lepton) case. The chargino-sfermion-fermion couplings are
where U, V (Rf ) are the chargino (sfermion) mixing matrices and
The two-point functions B 0 and B 1 [23] are given in the convention [24] .
Neutralino self-energies
The neutralino self-energies read: , m The functions A 0 , B 0 , B 00 , [23] are given in the convention of [24] .
The mixing angle β is fixed by the condition [26] :
14)
The renormalized self-energyΠ A 0 Z 0 (k 2 ) is defined by the two-point function
Thus we get the counter term for tan β:
Im Π A 0 Z 0 (m 
